Prions are amyloid-forming proteins that cause transmissible spongiform encephalopathies through a process involving conversion from the normal cellular prion protein to the pathogenic misfolded conformation (PrP Sc ). This conversion has been used for in vitro assays including serial protein misfolding amplification and real-time quaking induced conversion (RT-QuIC). RT-QuIC can be used for the detection of prions in a variety of biological tissues from humans and animals. Extensive work has been done to demonstrate that RT-QuIC is a rapid, specific, and highly sensitive prion detection assay. RT-QuIC uses recombinant prion protein to detect minute amounts of PrP Sc . RT-QuIC has been successfully used to detect PrP Sc from different prion diseases with a variety of substrates including hamster, human, sheep, bank vole, bovine and chimeric forms of prion protein. However, recombinant bovine prion protein has not been used to detect transmissible mink encephalopathy (TME) or to differentiate types of bovine spongiform encephalopathy (BSE) in samples from cattle. We evaluated whether PrP Sc from TME and BSE infected cattle can be detected with RT-QuIC using recombinant bovine prion proteins, and optimized the reaction conditions to specifically detect cattle TME and to discriminate between classical and atypical BSE by conversion efficiency. We also found that substrate composed of the disease associated E211K mutant protein can be effective for the detection of TME in cattle and that wild type prion protein appears to be a practical substrate to discriminate between the different types of BSEs.
Introduction
Prion diseases, or transmissible spongiform encephalopathies (TSEs), are a group of fatal neurodegenerative disorders that include Creutzfeldt-Jakob disease (CJD), fatal familial a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 insomnia (FFI), Gerstmann-Sträussler-Scheinker syndrome (GSS) and kuru in humans and bovine spongiform encephalopathy (BSE). They are caused by the misfolding of the cellular prion protein (PrP C ) into a pathogenic form (PrP Sc ) that accumulates in the brain and some lymphoid tissues [1] [2] [3] [4] . Conformational conversion of PrP C to PrP Sc makes them partially protease resistant.
Since the outbreak of foodborne BSE in the UK, two atypical strains of BSE called H-type BSE (H-BSE) and L-type BSE (L-BSE) have also been identified and named according to the molecular weight difference relative the initially identified UK BSE isolate termed classical-BSE (C-BSE). These atypical BSE forms are believed to arise spontaneously and tend to affect older animals [5] . H-and L-BSE have distinct transmissibility and different regulatory outcomes in the event which makes it important to be detected and differentiated from classical. Western blot can be used to discriminate the classical and atypical BSE forms by the specific molecular weight and glycoform ratios of PrP Sc . H-type has a higher molecular weight around 1-2 kDa above C-BSE for the unglycosylated PrP band and L-type BSE has a lower migration around 0.5 kDa below C-BSE [5] [6] [7] [8] [9] . Interestingly, L-BSE has phenotypic similarities with cattle transmissible mink encephalopathy (TME) [10] [11] [12] . TME is a progressive neurodegenerative disease that was identified in ranched mink. This disease is still poorly understood in terms of the origin of the infection, but it is speculated to have been derived from an unknown TSE in cattle [13, 14] .
Detection of PrP Sc can be accomplished by several methods. Traditional assays such as western blot and immunohistochemistry (IHC) are effective for detecting relatively large quantities of PrP Sc present in samples [15, 16] , however, they do not have the ability to detect the minute quantities of prions in a sample such as body fluid. Detection of prions using ELISA can be fast, sensitive, and specific, but provides little in the way of discriminatory power. The in vitro protein misfolding cyclic amplification (PMCA) assay is very useful for sensitive detection of prions in various samples of different species, but it is time consuming and requires animal derived substrate [17] [18] [19] . In contrast, the real-time quaking-induced conversion (RT-QuIC) assay uses recombinant prion protein as a substrate for seeding activity and monitors the fibril formation in real-time via binding of the fluorescent dye thioflavin T (ThT) to amyloid fibrils. The increased ThT fluorescence increase as the amount of amyloid fibril accumulates through conversion of monomeric PrP C to amyloid. The RT-QuIC assay can rapidly detect low levels of prion and has been used to detect human and animal prions in various tissues [20] [21] [22] [23] [24] [25] [26] [27] . TSEs. To investigate the possible use of RT-QuIC for TSE surveillance in cattle we tested the suitability of bovine prion protein (bPrP) as a substrate for cattle TSE detection and discrimination using RT-QuIC reaction including its disease associated mutant form E211K protein that is homologous to the genetic CJD associated human E200K mutation. We have optimized the RT-QuIC reaction conditions for the specific detection of prions in brain samples from cattle with prion disease using bPrP wild type and E211K proteins.
Materials and methods
Brain samples from negative control and TME or BSE-infected cattle
The animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Academy of Sciences, Washington, DC) and the Guide for the Care and Use of Agricultural Animals in Research and Teaching (Federation of Animal Science Societies, Champaign, IL). The protocol was approved by the Institutional Animal Care and Use Committee at the National Animal Disease Center (protocol numbers: 3636 and 3985). Animals were monitored twice daily to assess overall animal health and to check for the appearance of clinical signs such as aggression, behavior changes, decreased feed intake, loss of body condition, ataxia, prolonged recumbency, or inability to rise. All inoculated animals developed clinical signs specifically described in Table 1 and no animals died prior to the experimental endpoint. To ensure a humane endpoint, animals were euthanized if they demonstrated clinical signs of prolonged anorexia (>24 hours) or recumbency (>12 hours). Animals exhibiting behavioral or postural changes that suggested a TSE were examined by a veterinarian. Upon veterinary confirmation of unequivocal clinical signs of TSE, affected cattle were killed with an intravenous injection of pentobarbital sodium according to the manufacturer's directions and necropsied. Any other concurrent diseases were treated under the direction of a veterinarian with drugs to alleviate pain or distress. Samples of brainstem at the level of the obex were obtained from sham inoculated negative controls and cattle experimentally infected with TME or H-type, L-type, or classical BSE. Results of western blots and microscopic analysis of samples from the brains of cattle infected with TME are described elsewhere [34] [35] [36] . Original sources of the BSE inocula were as follows: French L-type BSE [37], U.S. classical and H-type BSE [38] . Brain homogenates (10%, w/v) from normal cow and cattle infected with TME and different BSE strains were prepared as whole homogenates of brainstem sections by bead homogenization with 1.0 mm silica beads in 1X Dulbecco's PBS pH 7.4. Samples were centrifuged briefly (1000g for 2 min) and supernatants stored at -80˚C in aliquots. The negative control animal was sham inoculated with 1 ml of 10% brain homogenate from a negative control animal and housed separately from the other cattle in this study. Table 1 shows all animal donor information including TSE isolate inoculated, source of inoculum, incubation times, and description of clinical signs.
Western blotting of cattle brain homogenates (BH)
Western blot analyses was performed on brain tissue collected from one non-inoculated, one TME-infected, and eight BSE-infected cattle: two classified as C-type, four as H-type, and two as L -type. Each sample was separated by SDS-PAGE on 12% polyacrylamide minigels (Invitrogen) and then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA) for 45 min at 30 V. The membranes were blocked with 3% bovine serum albumin (BSA) in Tris-buffered saline (TBS) for 1 h and incubated at 4˚C overnight with mouse anti-PrP monoclonal antibody 6H4 at a 1:10,000 dilution (0.1 μg/ml) as the primary antibody. Then, a biotinylated sheep anti-mouse secondary antibody at 0.05 μg/ml and a streptavidinhorseradish peroxidase (HRP) conjugate, were used in conjunction with a chemiluminescent detection system (Pierce ECL plus, Thermo Fisher) and visualized on an imaging system capable of detecting luminescence.
EIA of brain homogenates from cattle
The relative amount of misfolded protein in brain homogenates from the TME and BSE infected cattle were determined using a IDEXX HerdChek BSE EIA kit in the absence of proteinase K digestion. EIA was performed as described by the manufacturer. The cutoff value was determined by the negative control sample provided by the manufacturer and the optical density value was around 0.15 ± 0.05. If the optical density value is over 0.3, the samples would be considered positive. All brain samples were normalized before analysis by RT-QuIC by diluting to an O.D. around 1.0.
Recombinant prion protein production and purification E. coli (BL21(λDE3)) was transformed with the pET28a vector containing the wild-type bovine PrP gene (amino acids 25-241; GenBank accession number: DQ875147.1) and the bovine prion protein (wild type or E211K)was expressed and purified as described by Vrentas et al [39] . Briefly, E. coli strains (BL21(λDE3)) containing the wild type bovine prion gene and E211K were cultured in separate flasks of LB medium (5 ml) supplemented with kanamycin (50 μg/ml). The cells were grown for 16 h at 37˚C with shaking at 250 rpm. Each culture (2 mL) was then transferred to fresh 1 L of LB medium containing the same concentrations of antibiotics. The cultures were grown at 37˚C, harvested, and the cell pellet (3-4 g) was suspended and lysed in buffer A (0.15 M NaCl, 2 mM EDTA, 10 mM Tris-HCl (pH 7.4), 0.1% Triton X-100), and inclusion bodies (IB) were washed in buffers B-1 (20 mM Tris-HCl (pH 7.4), 0.15 M NaCl, 0.5% Triton X-100), B-2 (20 mM Tris-HCl (pH 7.4), 2 M NaCl), and B-3 (0.15 M NaCl, 20 mM Tris-HCl (pH 7.4), 2 M urea). Prepared inclusion bodies (IBs) were mixed with 60-80 ml buffer including 6 M guanidine-HCl, 10 mM Tris-HCl (pH 8), 0.1 M Na 2 HPO 4 , 0.5% Triton X-100 and incubated at room temperature for 1 h before overnight incubation at 4˚C on a rocker. Wild type and E211K were isolated using Ni-NTA (Nickel) resin (Qiagen, #30210) and washed with IMAC buffer (8 M urea, 0.1 M Na 2 HPO 4 , 10 mM Tris-HCl, pH adjusted to 8) and eluted with buffer L (8 M urea, 10 mM Tris-HCl, 0.3 M imidazole, pH adjusted to 8). The eluate (10 ml) was collected in 1 ml fractions by gravity flow. The individual fractions were analyzed by SDS-PAGE. All eluted pooled fractions were diluted to a final protein concentration of 0.5 mg/ml and dialyzed overnight into IMAC buffer containing 8 M urea, 0.1 M Na 2 HPO 4 , and 10 mM Tris-HCl adjusted to pH 8. The second dialysis was performed overnight into 10 mM potassium phosphate buffer adjusted to pH 7. The concentration of pooled protein eluent was measured by UV and calculated from the absorbance at 280 nm using an extinction coefficient of 63,495 M 
RT-QuIC protocol
RT-QuIC reactions were performed as previously described [27-30, 40, 41] . The reaction mix was composed of 10 mM phosphate buffer (pH 7.4), 100 mM to 500 mM NaCl, 0.1 mg/ml recombinant bovine prion protein wild type or E211K protein, 10 μM thioflavin T (ThT), 1 To optimize the conditions of the RT-QuIC reaction, assays using brain samples from negative control or TSE infected cattle were performed with wild type and E211K substrates with and without SDS and at different NaCl concentrations (100, 200, 300, 400, 500 mM). Once optimized, RT-QuIC was performed using quadruplicates of two dilutions (10 −4 -10 −6 ) of normal and infected cattle brain homogenates. All reactions for each dilution and each sample were performed in quadruplicates in two independent RT-QuIC assays for a total of 8 replicates.
ThT fluorescence data are displayed as the average ThT fluorescence of four technical replicates for each time point and, to be considered positive, the ThT fluorescence of at least two replicate reactions must be positive. The positive threshold was calculated as the mean value of normal cattle brain homogenates plus 10 standard deviations. Previously described criteria were applied for classification of positive samples of RT-QuIC [27, 42, 43] .
Brain homogenate preparations
BHs (10% w/v) were prepared as previously described [20] and stored at -80˚C. For RT-QuIC analysis, BHs were serially diluted in 0.1% SDS/N2 or 0.05% SDS/N2 (Gibco)/PBS as previously reported [24] .
Results

Western blotting and quantitation of PrP
Sc by EIA in brain samples from TME and BSE infected cattle
The brainstem samples (obex) were collected from cattle affected by TME or C-, L-, or H-BSE. To confirm that strain specific properties of each inoculum were transmitted to the experimental animals, brainstem tissue from selected animals was characterized by western blot using the 6H4 antibody. Most of these brain samples have been studied previously, so only a representative brain sample of each strain was tested. Western blots demonstrated PrP Sc with the typical band pattern profiles of C-, L-, and H-BSE (Fig 1) .
Brain samples from TME infected-cattle seed the conversion of both wild type and E211K bovine recombinant prion proteins
To investigate if RT-QuIC can be used to detect prion seeding activity from TME infected cattle brain by using bovine recombinant prion protein substrates, we used infected and normal brain homogenates with full length bovine rPrP [a.a. 25-241] substrate including wild type and the mutant E211K protein and the reaction conditions (0.1 mg/ml rPrP final concentration, 300 mM NaCl and 0.001% SDS). An increase in ThT fluorescence was observed within 30 h incubation in each quadruplicate reaction seeded with 10 −4 dilution of 10% w/v TME brain homogenate (Fig 2 and Fig 3) . Reaction seeded with more diluted 10 −6 dilution of 10% w/v TME brain homogenate at 60 h but no increase in fluorescence was observed in normal brain homogenates reactions at any dilution except with high NaCl concentrated samples.
Optimization of RT-QuIC for the detection of cattle TSE prion seeding activity
To optimize the sensitivity of RT-QuIC reactions for the detection of TME prion seeding activity, we compared the effects of SDS (0.001% vs. 0.002%), NaCl (100-500 mM) concentration, and different bPrP substrates (WT (Fig 2) vs. E211K (Fig 3) ). The effect of NaCl on the seeding activity with TME prion was not profound when bPrP wild type was used (Fig 2) . However, when the E211K protein was used, the effect of NaCl on the seeding activity with TME prion was slightly different (Fig 3) . As can be seen in Fig 3, an assay with reaction mixture containing 500 mM NaCl and bPrP-E211K protein as a substrate shows a slightly reduced lag time and higher ThT fluorescence in a reaction seeded with positive TME brain homogenate indicating a higher conversion efficiency, but it also increases ThT fluorescence with normal brain. When using lower NaCl concentrations such as 100 mM to 200 mM, there is increased ThT fluorescence with a longer lag phase without spontaneous fibril formation. With 300 and 400 mM NaCl concentrations, the seeding activity is readily detected with no evidence of spontaneous fibril formation when seeded with normal brains. Overall, our data indicate that a slightly reduced lag time for detectable seeding activity in cattle brain samples was observed when we used 500 mM NaCl, and the effect of NaCl between 200 mM and 400 mM on the lag time was not significant. The effect of SDS on the seeding activity with TME prion was also tested. Higher SDS concentration reduced the lag phase for prion seeding activity for both substrates by 10 h (Fig 4A) . However, higher SDS concentration also triggered spontaneous fibril formation in bPrP when seeded with brain sample from negative control cattle. Interestingly, RT-QuIC using rPrP-E211K protein substrate did not form fibrils after seeding with normal brain (Fig 4B) .
The effect of NaCl on the seeding activity with different BSE isolates was also evaluated with bPrP wild type substrate (Fig 5) at an SDS concentration of 0.001% the effect of NaCl concentration over a range from 100 mM to 500 mM. Concentrations of NaCl greater than 300 mM resulted in higher levels of fluorescence in the conversion curves and a reduced lag time for L-type BSE. However, the lag time was essentially unchanged for classical and H-type BSE. Based on these results an SDS concentration of 0.001% and 300 mM NaCl was deemed suitable for all BSE isolates analyzed here.
Detection of H-BSE, L-BSE, and C-BSE prion seeding activity using bPrP substrates
We used the bovine substrates including wild type and disease associated mutant E211K to detect different strains of BSE (H-, L-, and C-BSE). Reaction mixtures seeded with 10 −4 dilutions of brain tissue samples from four cattle infected with H-type BSE, two cattle with L-type BSE, and two cattle with classical BSE (Fig 6) . Assays seeded with H-BSE showed rapid increases in ThT fluorescence within 10 h. Conversely, reaction mixtures seeded with the same dilution of brain samples from C-BSE infected cattle gave slightly longer lag phases and lower ThT fluorescence than the reaction mixtures with H-BSE. L-BSE seeded reaction mixtures gave much longer lag phases and similar ThT fluorescence level compared to H-BSE reactions. Replicate reactions on brain samples from negative control cattle were negative for about 50 h in wild type substrate (Fig 6A) and 90 h in E211K substrate (Fig 6B) . Recently shown RT-QuIC reaction with bank vole substrate showed a similar ability to discriminate different types of BSEs except that C-BSE seeded reaction had longest lag phases out of three types of BSE reactions [29]. These results indicate that H-BSE was more rapidly detected than either C-or L-BSE using the same concentration of brain homogenate from clinically affected cattle. Compared to the reaction with wild type substrate, reaction with E211K substrate responded in a similar way to H-BSE but with lower fluorescence emission levels for all samples and lower sensitivity and longer lag phase for C-BSE. This result indicates that RT-QuIC using wild type substrates can distinguish different strains of BSE and comparing seeding activities with the two substrates will allow us to distinguish C-BSE from atypical BSEs.
Discussion and conclusions
Recombinant bovine prion protein, including its disease associated mutant form E211K were used as an RT-QuIC substrate to demonstrate that bovine proteins can be seeded in RT-QuIC reactions by brain samples from cattle infected with TME or different types of BSE. We initially used previously described reaction conditions for detecting seeding activity associated with BSE in cattle using bank vole substrate and found RT-QuIC can specifically detect TME and BSE prion seeds in samples from the brains of infected cattle. Cattle TME was used for the optimization of RT-QuIC reaction since it is similar to and perhaps may even be the same as L-BSE [10] [11] [12] . Our data indicate that using full-length bovine protein substrate with 0.001% SDS and 300 mM NaCl provided optimal amplification of prion seeding activity in cattle brain samples within 50 h incubation period for TME and within 30 h for BSE. Our data also confirmed that brain samples from TME infected cattle can seed the conversion reaction using E211K mutant protein indicating that the mutant protein appears largely interchangeable with the wild type for RT-QuIC for detecting TME in cattle. E211K protein is a disease associated form that is homologous to the human E200K mutation found in patients with CreutzfeldtJakob disease. This genetically associated BSE was diagnosed in the U.S. in 2006 [44] as an Htype BSE. The E211K index animal had a polymorphism that resulted in a glutamic acid to lysine substitution at residue 211 [45] . Until this case, no example of inherited prion disease analogous to CJD in human has been identified in non-human species [45] [46] [47] . RT-QuIC has been used for sensitive and specific detection of prion diseases for humans and animals [20-22, 24-26, 48] . Recently, Orru et al. showed RT-QuIC can be used for detection and discrimination of L-BSE and C-BSE prions by using chimeric form of prion protein substrate (hamster-Sheep) and other substrates including hamster and human protein substrates [28] . Masujin et al. also tested if all three types of BSE including C-, H-, and L-BSE prions can be detected and discriminated by various recombinant protein substrates including full-length chimeric hamster-sheep prion proteins, N-terminally truncated hamster prion protein [29], full-length sheep protein, and full-length bank vole protein (a. a. 23-230) . The later work demonstrated a means to detect and discriminate clearly each of three major bovine prion strains by running simultaneously with bank vole and sheep substrate in the plate [29] . When they used recombinant bank vole prion protein as a substrate, all types of BSE turn out positive, but H-and L-BSE seeded reaction products were not distinguished from one another by RT-QuIC alone. However, it appears bovine protein substrate can discriminate the major bovine prion strains as can be seen in Fig 5. Assays of samples from cattle infected with H-BSE exhibited increased ThT fluorescence within 10 h, but samples from cattle infected with C-BSE showed slightly longer lag phases with lower overall ThT fluorescence. RT-QuIC assays performed on samples from catle infected with L-BSE gave similar lag phases to C-BSE but slowly increased ThT fluorescence level compared to short lag phase before the observed fluorescence increase for H-BSE. Even though bPrP wild type can be used to discriminate different BSE strains by itself, running reactions with both bPrP wild type and E211K protein at the same time would discriminate more clearly between atypical BSEs and C-BSE since E211K protein is rarely seeded by C-BSE.
It is important to note that there are differences in seeding activity between wild type bovine protein and its mutant E211K protein. First, a notable difference between using these two substrates was seen in the reaction with different concentration of SDS. For wild type, we observed a spontaneous increase in ThT fluorescence when the reaction mixture contained 0.002% SDS seeded with a brain sample from a negative control animal. On the contrary, the reaction mixture with substrate E211K protein did not produce ThT fluorescence for seed from negative control brain in the presence of 0.002% SDS and high salt concentration. Another notable difference is when brain samples from BSE-infected cattle were used for seeding these substrates, wild type protein could detect all different types of samples by different lag phase curves and different levels of ThT fluorescence. However, E211K protein was only weakly seeded with classical BSE samples. As can be seen in the Fig 5, the assay seeded with animal 6836 (C-BSE) exhibited a long lag phase and had fluorescence only slightly above the pre-defined positive threshold. Also, the reaction with animal 6992 (C-BSE) did not amplify at all. These results indicate that wild type and E211K protein may adopt a different conformation under given reaction conditions so that they have different fibril formation mechanisms. As pointed by Corsaro et al, human prion protein and its mutant E200K, which is analogous to E211K, showed differences in fibril formation and gain of toxicity characterized by physicochemical characteristics [23] . In spite of essentially identical NMR structures of wild type and E200K, protein surface charge alteration may change the ability of PrP to interact with cell membrane proteins or chaperones [49] .
In summary, this is the first published report of RT-QuIC using bovine recombinant prion protein as a substrate for the amplification of bovine TSEs (TME, C-BSE, H-BSE, and L-BSE). In particular, the wild type bovine protein is a practical substrate to discriminate between different BSE strains using the RT-QuIC assay. 
